Trehalose is an important molecule in fungal cells that helps to protect against various environmental stresses. In most fungi, trehalose-6-phosphate synthase 1 (TPS1) catalyzes the synthesis of trehalose-6-phosphate, and is the key enzyme for biosynthesis of this sugar. In this study, the full-length Beauveria bassiana tps1 gene sequence was determined. Full-length Bbtps1 (1,906 bp) included a 1,563 bp open reading frame that contained a 55 bp intron located between deduced amino acids 104 and 105. Bioinformatics analysis predicted that the BbTPS1 protein comprised 520 residues with a calculated pI value of 5.63 and a molecular weight of 58.3 kDa. Using DNA walking experiments, we determined the 2,963 bp upstream sequence that included several typical promoter elements and putative transcription factor binding sites, such as TATA-box, GC-box, Oct-1, CRE-BP, CdxA, and GATA. Stress-response and heat-shock elements were also found in this upstream sequence. Recombinant BbTPS1 was expressed in Pichia pastoris GS115 in order to probe the function of Bbtps1. SDS-PAGE analysis showed that the expressed protein had a molecular weight of approximately 60 kDa as expected. Enzymatic activity measurements revealed specific TPS1 activity that peaked at 1.38 U/mL at 96 h. This work provides a basis for further functional investigation of the mechanism of trehalose anabolism in B. bassiana. It could also assist the construction of engineered B. bassiana strains with enhanced stress tolerance.
Introduction
Increased concerns about the adverse effects of chemical insecticides in the environment and the growing problem of insecticide resistance have led to considerable attention being paid to the use of biological agents for control of insect pests (Bale et al. 2008 ). Entomopathogenic fungi have been widely used as biocontrol agents for pest management in many countries. As one of the most common and important entomopathogenic fungi, Beauveria bassiana has been successfully used to manage various agricultural and forest insect pests (Thurkathipana & Mikunthan 2008; Farenhorst et al. 2009; Rassette et al. 2011; Sun et al. 2011; Hernandez et al. 2012 ). B. bassiana has a wide natural host range that includes many different mite species and over 700 insect species belonging to 149 families and 15 orders . B. bassiana is regarded as a model organism for the study of entomopathogenesis and biological control of pest insects (Ghikas et al. 2010 ). However, in common with other fungal pesticides, the large-scale commercial use of B. bassiana is limited in part because the pathogenicity decreases under long-term stress conditions, such as high temperatures, freezing, drought and high osmotic pressure (Zhang et al. 2009; . Therefore, genetic engineering approaches are needed to prolong the shelf life of B. bassiana and to enhance its environmental stability.
Trehalose is present in a wide variety of organisms including animals, plants, fungi and bacteria (Sharma & Anand 2006; Honda et al. 2010 ; Thorat et al. 2012; Zhang & Yan 2012; Van Houtte et al. 2013 ). Trehalose plays an important role in protection against environmental stresses, such as heat, cold, dehydration, high osmotic pressure, heavy metal salts and toxic substances (Doehlemann et al. 2006; Cao et al. 2008; Lopez et al. 2008; Bandara et al. 2009 ). There is a strong correlation between accumulation of intracellular trehalose and the shelf life of conidia from filamentous fungi (Fillinger et al. 2001) . The pathway of trehalose synthesis in fungi involves reaction of glucose-6-phosphate and uridine diphosphoglucose to afford trehalose-6-phosphate,
960
L. Xie et al. which is catalysed by trehalose-6-phosphate synthase 1 (TPS1) and is the rate-determining step (Chaudhuri et al. 2008) . Trehalose is then generated by the dephosphorylation of trehalose-6-phosphate, which is catalysed by trehalose-6-phosphate phosphatase (TPS2) (Iturriaga et al. 2009 ).
In the present study, we cloned the full-length tps1 gene from B. bassiana, determined the upstream sequence using a DNA walking approach, and analysed these sequences using bioinformatics methods. Furthermore, we expressed full-length cDNA of Bbtps1 in Pichia pastoris GS115 using secreting expression vector pPIC9K. This study has laid the foundation for further insight into the mechanism of trehalose anabolism in B. bassiana. It also will assist the genetic engineering of strains with enhanced stress tolerance.
Material and methods
Strains and plasmids B. bassiana strain Bb202 (from the Research Center for Entomogenous Fungi, Hefei, China) originally isolated from a cadaver of Monochamus alternatus was grown on SDAY medium (1% yeast extract, 1% peptone, 4% dextrose, 1.5% agar) at 25 • C. Escherichia coli strain DH5α (Beyotime, China) used in all DNA manipulations was grown in LB medium with 50 µg/mL of ampicillin where required. P. pastoris strain GS115 (Invitrogen, USA) was cultivated at 30 • C in YPD medium (1% yeast extract, 2% peptone, 2% dextrose). Plasmids pMD18-T (Takara, China) and pPIC9K (Invitrogen, USA) were used as cloning and expression vectors, respectively.
DNA and RNA isolation
A mycelial culture of B. bassiana strain Bb202 was incubated for 3 days at 25 • C and heat-shocked at 35 • C for 1 h prior to total RNA extraction using Trizol reagent (Invitrogen, USA) according to the manufacturer's instructions. Genomic DNA was extracted from the 3-day culture using a Genomic DNA Extraction Kit (Takara, China). The quality of RNA and genomic DNA was determined by 1.0% agarose gel electrophoresis, and the concentration was measured using an ND-1000 (NanoDrop, USA) spectrophotometer.
Cloning of full-length Bbtps1
Total RNA (<5 µg) was reverse transcribed into cDNA using a 1 st Strand cDNA Synthesis Kit (Takara, China). The degenerate primers UP1 and DW1 (Table 1) were designed and synthesized based on highly conserved regions of several known TPS1 proteins from fungi, and used to amplify the conserved gene fragment, which was subsequently cloned into the pMD18-T vector and sequenced.
A SMART RACE cDNA Amplification Kit (Clontech, Canada) was used for rapid amplification of the 5'-and 3'-cDNA ends of Bbtps1. Based on the conserved fragment, specific primers (GSP1, NGSP1, GSP2, NGSP2) for 5'-and 3'-RACE (rapid amplification of cDNA end) were designed (Table 1) . Total RNA (1 µg) was reverse transcribed with the BD SMART A oligonucleotide and 5'-coding sequence (CDS) primer (provided in the kit) to obtain the 5'-ready cDNA. Primary 5'-RACE PCR was performed with the GSP1 and UPM (provided in the kit) primers in a total volume of 50 µL that contained the cDNA. Amplification was performed as follows: 25 cycles of 94 • C for 30 s, 68 • C for 30 s, and 72 • C for 2 min). The PCR product was diluted 20-fold, and was used as template for nested PCR performed with primers NGSP1 and NUP (provided in the kit). The 3'-ready cDNA was synthesized by reversely transcribing 1 µg total RNA with the 3'-CDS primer (provided in the kit). Primary 3'-RACE PCR was performed with GSP2 and UPM primers in a total volume of 50 µL that contained the cDNA. Amplification was performed as follows: 25 cycles of 94 • C for 30 s, 68 • C for 30 s, and 72 • C for 2 min). The PCR product was diluted 20-fold, and was used as a template for nested PCR with primers NGSP2 and NUP. The products of 3'-and 5'-RACE nested PCR were purified and cloned into the pMD18-T vector, and sequenced. The full-length Bbtps1 sequence was deduced by aligning and comparing the sequences of the 3'-and 5'-RACE products. Based on this, specific primers P1 and P2 (Table 1) were designed for amplification of the full-length cDNA and DNA of Bbtps1 gene using different templates (cDNA/genomic DNA).
Cloning the Bbtps1 upstream sequence
The Bbtps1 upstream sequence was isolated using the Genome Walking Kit (Takara, China). Based on the fulllength cDNA, three gene-specific primers SP1, SP2 and SP3 (Table 1) were designed and synthesized to amplify the region upstream of the coding sequence using three thermal asymmetric interlaced PCR reactions. Utilizing genomic DNA as template, primary genomic walking PCR was performed with primers SP1 and AP1 (provided in the kit). The PCR product was diluted 50-fold and used as template for PCR performed with primers SP2 and AP1. This PCR product was diluted 50-fold and was used as template for PCR performed with primers SP3 and AP1. Finally, this product was purified and cloned into the pMD18-T vector, and sequenced.
Bioinformatics analysis
The molecular weight and theoretical isoelectric point were calculated using the Compute pI/Mw tool (http://www. expasy.ch/tools/pi tool.html) (Cardoso et al. 2006) , and the signal peptide was predicted using the SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP/) (Bendtsen et al. 2004) . In order to predict the secondary structure of the deduced BbTPS1 protein, the protean program in the DNA Star software was used according to the method of Garnier-Robson (Plasterer 2000) . The tertiary structure and domain organization of the deduced protein was predicted using CPHmodels (http://www.cbs.dtu.dk/services/CPHmodels) (Nielsen et al. 2010 ) and the simple molecular architecture research tool (http://smart.embl-heidelberg.de/) (Yu et al. 2013 ), respectively.
BLAST was performed using the NCBI server (http: //www.ncbi.nlm.nih.gov/BLAST/). For multiple alignments and phylogenetic analysis, the deduced amino acid sequence of BbTPS1 and other TPS1 sequences obtained from the GenBank database were analysed using the Vector NTI advance 10.3 (Li & Moriyama 2004 ) and MEGA 5.1 (Tamura et al. 2011 ). Analysis of transcription factor binding sites was performed using the TFsearch1.3 online software (http://www.cbrc.jp/research/db/TFSEARCH.html) (Meera et al. 2009 ).
Transformation of P. pastoris and expression of Bbtps1
The CDS of Bbtps1 was amplified using primers BD1 and BD2 (Table 1) with EcoRI and NotI recognition sites, respectively. The PCR product was digested with EcoRI and NotI, and ligated into the EcoRI-and NotIdigested pPIC9K vector to obtain the recombinant plasmid pPIC9K/Bbtps1. Ten mg of the recombinant plasmid was linearized with SalI and electroporated into P. pastoris GS115 (1,500 V, 25 µF, 200 Ω, 5 ms) using an ECM-630 GenePulser (BTX, USA). Transformants were grown on MD medium (2% dextrose, 4 × 10 −5 % biotin, 1.34% YNB, 1.5% agar) at 28 • C for 4-6 days and later analysed for G418 resistance. To confirm that Bbtps1 was integrated into the genome of P. pastoris, genomic DNA of transformants and a negative control were extracted and analysed by PCR using 5'-alcohol oxidase 1 (AOX1) and 3'-AOX1 primers ( Table 1 ). The His + phenotype transformants that were resistant to G418 were grown in 15 mL BMGY medium (2% peptone, 1.34% YNB, 1% yeast extract, 1% glycerol, 4 ×10 −5 % biotin, 100 mM potassium phosphate) with shaking (250 rpm) at 30 • C to an OD600 of 4. Cells were harvested by centrifugation and resuspended in 100 mL BMMY medium (BMGY substituting 0.5% methanol for glycerol). Cultures were induced by adding 100% methanol to a final concentration of 0.5% every 24 h, and incubations were continued at 30 • C with shaking (250 rpm). Supernatants containing crude enzyme were harvested from cultures induced for different lengths of time.
SDS-PAGE
SDS-PAGE was performed using a 5% (w/v) stacking gel and a 15% (w/v) separating gel. Samples of recombinant protein were subjected to electrophoresis first at 70 V when in the stacking gel and then at 110 V when in the separating gel. After electrophoresis, gels were stained with 0.1% (w/v) Coomassie blue R250. Takara (Dalian, China) protein markers were used.
Enzyme assays
Recombinant TPS1 activity was measured using the method described by Silva et al. (2005) with minor modifications. The enzyme activity of samples was measured in reaction mixtures (100 µL) containing 10 µL crude enzyme, 25 mM Tris-HCl (pH 7.0), 25 mM MgCl2, 2 mM glucose-6phosphate, and 2 mM uridine diphosphoglucose. Reaction mixtures were incubated at 40 • C for 15 min then cooled on ice for 5 min. Products were subsequently incubated at 37 • C for 15 min with 2 U of alkaline phosphatase (Takara, China) to form trehalose. Final products were then visualized by thin-layer chromatography (TLC) on a Silica Gel 60 plate (Merck, Germany). The TLC solvent was 5:3:2 (v/v) butanol:ethanol:water, and compounds were visualized using sprayed α-naphtol-sulfuric acid solution (Silva et al. 2003) . Chromatograms were scanned using a KH-3000 TLC scanner (Kezhe, China). Trehalose, trehalose-6-phosphate, uridine diphosphoglucose, and glucose-6-phosphate were used as standards. Crude enzyme from GS115 containing the pPIC9K plasmid without the insert was used as a negative control. To determine the enzyme activity of recombinant TPS1, known quantities of trehalose (1.6, 3.2, 6.4 and 12.8 µg) were applied to prepare a standard curve. One unit of TPS1 was defined as the amount of enzyme that produces 1 µmol of trehalose per min under the assay conditions. Specific activity was expressed as U/mL.
Results
Isolation of full-length Bbtps1 cDNA and DNA sequence A DNA fragment of 571 bp was amplified from B. bassiana by degenerate primers UP1 and DW1, and subsequently sequenced. BLAST analysis of the sequence showed high homology with TPS1-encoding genes of Phaeosphaeria nodorum (78%), Magnaporthe oryzae (77%) and Aspergillus flavus (72%), which indicated that this fragment was a partial sequence of B. bassiana TPS1 encoding gene.
Using standard 5'/3'-RACE procedures, 5'-RACE PCR generated two fragments of 883 and 971 bp.
BLAST-x analysis revealed that the 971 bp fragment shared high degree of sequence similarity to genes encoding heat shock protein 70 from Pseudocercospora fijiensis, Neurospora crassa and Aspergillus kawachii. The 883 bp fragment exhibited high identity to tps1 from Neurospora crassa, Fusarium oxysporum and Penicillium digitatum, suggesting that this was the 5'-end sequence of the B. bassiana tps1 gene. 3'-RACE PCR generated a fragment of 1,136 bp.
Analysis of the 5'-and 3'-RACE sequences showed an overlap of 67 bp. The full-length Bbtps1 cDNA sequence of 1,906 bp (GenBank accession number: FJ769373) was deduced by sequence alignment and comparison with the 5' and 3' fragments. Excluding the 5' and 3' untranslated regions, which were 112 bp and In order to obtain the genomic Bbtps1 sequence, genomic DNA was used as template for PCR amplification using specific primers P1 and P2. Comparison of this product with the full-length cDNA showed that the Bbtps1 gene contained one 55-bp intron located between deduced amino acids 104 and 105.
Bioinformatics analysis of the predicted BbTPS1 amino acid sequence
The deduced BbTPS1 protein consisted of 520 amino acid residues with a calculated pI of 5.63 and molecular weight of 58.3 kDa. Signal P3.0 analysis suggested that a signal peptide was not present, indicating that BbTPS1 is not secreted.
The predicted amino acid sequence of BbTPS1 and 11 other fungal TPS1 proteins were aligned, and a phylogenetic tree was generated (Fig. 1) . BbTPS1 was most closely related to Metarhizium anisopliae TPS1. The alignment of BbTPS1 and other TPS1 proteins showed that the central region was more conserved than the N-and C-terminal regions (Fig. 2) . The alignment revealed that BbTPS1 shares homology with TPS1 of M. anisopliae (85%, AY954915), Verticillium albo-atrum (85%, XM003006896), M. oryzae (81%, XM003719983), Penicillium chrysogenum (75%, XM002564200), Leptosphaeria maculans (73%, XM003839372), Aspergillus fumigatus (72%, XM746080), Neosartorya fischeri (72%, XM001260034), Yarrowia lipolytica (67%, AJ011 032), Clavispora lusitaniae (64%, XM002619536), Lodderomyces elongisporus (64%, XM001525183) and Saccharomyces cerevisiae (63%, JF8991621).
Secondary structure prediction demonstrated that the deduced BbTPS1 protein may contain 44% α-helix, 38% β-sheet, 10.4% random coil, and 7.4% turn. The α-helical and β-sheet structures were the most abundant structural elements throughout most of the deduced BbTPS1 protein. The CPHmodels program predicted BbTPS1 to be globular in nature, with a tertiary structure including 350 hydrogen bonds and no disulphide bonds. A glycol-transf-20 domain was predicted between residues 15-479.
Isolation of the Bbtps1 upstream sequence
Using three thermal asymmetric interlaced PCR reactions, a fragment of 2,963 bp upstream of the Bbtps1 cDNA was amplified from B. bassiana genomic DNA. The upstream sequence overlapped (189 bp) with the 5'-end of the Bbtps1 cDNA, and was deposited in the GenBank database (GenBank accession number: FJ769374). Using the 5'-RACE PCR, the transcription start site was found to be 102 bp upstream from the start codon (ATG), at position 2,785 of the upstream sequence (Fig. 3) .
In the upstream sequence, four potential basal promoter regions were predicted using a neural network algorithm (Fig. 3) . The sequence was analysed for putative promoter elements and transcription factor binding sites using TFsearch1.3. These results showed that the upstream sequence contained several typical promoter elements, including both a TATA-box and GC-box. In addition to these typical elements, some putative transcription factor binding sites were identified, including Oct-1, CRE-BP, CdxA and GATA. Furthermore, several stress-response elements and heat-shock elements were also found.
Screening and verification of P. pastoris GS115 transformants Transformants of P. pastoris GS115 that can resist a higher concentration of geneticin G418 might contain multi-copies of integration into their genome. In all, eight transformants that could tolerate 300 µg/mL G418 were picked (GBt1-8). Genomic DNA was extracted from each transformant and a negative control (GB0), and analyzed by PCR using 5'-AOX1 and 3'-AOX1 primers, respectively. A partial aox1 gene (0.5 kb) and a complete aox1 gene (2.2 kb) were amplified from GB0, while only the 2.2 kb fragment was amplified from GBt1-8. To further discriminate between the 2.2 kb aox1 band and the 2.1 kb fragment consisting of the 0.5 kb partialaox1 gene and the 1.6 kb full-length Bbtps1 gene, a second round of PCR was performed using primers P1 and P2. This second amplification showed that a fragment of approximately 1.6 kb was amplified from all eight transformants, while no band was amplified from the negative control. Sequencing results further indicated that the 1.6 kb fragment was that of Bbtps1, strongly indicating that the full-length Bbtps1 sequence had been successfully integrated into the genome of all eight transformants. Expression of Bbtps1 in P. pastoris GS115 Transformant GBt1 was randomly chosen for expression studies, and GB0 was again used as negative control. After culturing, cells were harvested by centrifugation and culture supernatants were subjected to SDS-PAGE analysis. The results showed an apparent protein band of approximately 60 kDa, which was close to the BbTPS1 predicted molecular weight of 58.3 kDa, and this band was absent in the GB0 control sample (Fig. 4) . A time course of induction demonstrated that expression of the 60 kDa protein increased sharply after 3 days of methanol induction based on SDS-PAGE figure.
The culture supernatants were tested for enzyme activity and compared with the D-trehalose standard curve that was constructed using known quantities of the sugar (Fig. 5a and Fig. 6 ). TPS1 activity of the culture supernatant from GBt1 reached 1.38 U/mL after 96 h, while no activity was detected in the GB0 negative control ( Fig. 5b and Table 2 ). We could therefore conclude that the full-length Bbtps1 gene had been successfully cloned, integrated into the P. pastoris genome, heterologously expressed, and the resultant protein possessed the TPS1 activity. 
Discussion
In this study, we identified only one functional domain (glycol-transf-20 domain) in the deduced BbTPS1 amino acid sequence, and in the TPS1 sequences of other filamentous fungi including A. fumigatus, N. fischeri and N. crassa. In contrast, two domains (glycoltransf-20 and trehalose-Ppase domains) are found in many metazoan and viridiplantae species including Caenorhabditis briggsae, Culex quinquefasciatus, Arabidopsis thaliana and Oryza sativa (Cui & Xia 2009 ). It has been speculated that a TPS1 and TPS2 gene fusion event may have occurred in these organisms .
Phylogenetic analysis based on twelve fungal TPS1 sequences suggested these proteins were divided into two large groups. BbTPS1 was clustered into a group containing filamentous fungi, while four yeast TPS1 sequences clustered into the other group. B. bassiana and M. anisopliae formed a subgroup in our analysis, with both proteins sharing a distinct degree of sequence similarity with proteins from the other six species, which is consistent with the known relatedness of these filamentous fungi. Indeed, both B. bassiana and M. anisopliae are entomogenous fungi belonging to the genus Cordyceps sensu lato.
The AGGGG (AG 4 ) sequence is considered a heat- shock element in Saccharomyces cerevisiae and some other fungi (Bell et al. 1992; Zhang et al. 2013 ). The CCCCT (C 4 T) sequence is also thought to be a possible repressor protein binding site, which is an essential stress-response element in the promoter of the stressinducible gene in the aforementioned fungi (Bell et al. 1992; Zhang et al. 2013) . Sequence analysis showed that these two elements are both present in the Bbtps1 upstream sequence, indicating that tps1 may be expressed in B. bassiana under stress conditions. Metal ions can function as enzyme co-factors through direct involvement in substrate binding and/or catalysis, or by bringing the enzyme into its active form (Suzuki et al. 1985) . ZnSO 4 and MnCl 2 have been shown to enhance enzyme activity, and MnCl 2 activated TPS1, although this metal was inhibitory at high (100 mM) concentrations (Chaudhuri et al. 2009 ). High MnCl 2 concentration may possibly cause a charge redistribution in the active site of the enzyme molecule, resulting in decreased activity (Swislocka et al. 2007 ). Based on these previous results, MgCl 2 was included at a moderate concentration (25 mM) in BbTPS1 enzyme activity measurements performed in this study.
In most fungi, TPS1 is the key enzyme involved in trehalose-6-phosphate and hence trehalose biosynthesis (Chaudhuri et al. 2009 ). To date, several fungal TPS1 proteins have been characterized, including TPS1 from S. cerevisiae, Guehomyces pullulans and A. fumigatus. Chaudhuri et al. (2008) successfully isolated active TPS1 from S. cerevisiae, which was a 59 kDa protein with a highly hydrophobic activity. A recent study showed that there is a correlation between trehalose content of A. fumigatus spores and germination rate (Al-Bader et al. 2010) . When both tps1 and tps2 genes were deleted in A. fumigatus, the double mutant exhibited delayed germination at normal temperatures.
In the present work, we determined the full-length cDNA/genomic DNA and upstream sequence of tps1 from B. bassiana, and identified its function by expression in P. pastoris. Further studies are also required to explore the possibility of engineering enhanced stress tolerance in entomopathogenic fungi. Overexpression of tps1 in B. bassiana may stimulate trehalose biosynthesis to improve tolerance to environmental stress, and this will be investigated in the future.
